Questa è la versione dell'autore dell'opera: sites and extra-framework VO 2+ species docked in the center of the 6 membered rings that line up the main channel of the AFI structure.
Introduction
Microporous aluminophosphates (AlPOs), when activated via the inclusion of dopant ions in the framework, have widespread applications in the field of heterogeneous catalysis. [1] [2] [3] AlPOs are zeolite-like materials in which silicon ions are replaced by phosphorus and aluminum in strict alternation, forming a 3-dimensional neutral oxide network that can adopt a range of polymorphic structures. 4 In these materials, Al and P ions can be isomorphically replaced by di-, tri-, and tetravalent heteroatoms in a relatively easy and controllable manner, giving rise to acid, redox, and even bifunctional properties. 5 Of particular importance for oxidation reactions are the so-called MeAPO materials in which Al ions are replaced by redox-active transition metals, such as Co, Mn, Fe, Cr etc. [6] [7] [8] [9] [10] These materials combine the reactivity of the redox-active cations with high surface area and the unique spatial constraints imposed by the molecular dimensions of their porous network.
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The structure and reactivity of divalent heteroatoms in MeAPOs has been thoroughly investigated, particularly for Co and Mn doped materials. 3 It is well known that these divalent ions usually substitute for trivalent Al framework atoms as tetrahedral sites, resulting in a Br nsted functionality (necessary to compensate the negative charge delocalized on the framework) which disappears after a reversible oxidation to the trivalent state. 10, [14] [15] [16] [17] [18] More complex is the situation when tetravalent ions are inserted in the AlPOs framework, as in the case of Ti 4+ or V 4+ ions.
Simple chemical considerations would suggest the idea that both ions are substituting for pentavalent P atoms, generating a negative charge on the framework stabilized by a Al(OH)Me
Brönsted site. [19] [20] [21] [22] [23] However, recent work from some of us gave clear-cut evidence for the presence of reducible Ti ions at Al sites in TiAPO-5, suggesting that the framework neutrality can be obtained by replacement of Al and P couples by two Ti ions. 24, 25 to form Me 4+ clusters reminiscent of the Si islands in SAPOs.
VAPOs are size and shape selective oxidation catalysts 22, 26, 27 that are exploited in processes including alkane ammoxidation and alkene epoxidation. [28] [29] [30] These selective oxidation catalysts have also been shown to exhibit a high degree of selectivity with yields in excess of 95% in oxidative dehydrogenation, for example in the conversion of propane to propene. 13, 31, 32 VAPOs can also exhibit bi-functional catalysis when combined with other dopant ions, such as Si or Ti, making them quite remarkable catalysts.
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The structure of V ions in AlPOs frameworks is still the subject of an open debate, 35 due to the complex chemistry and coordinative flexibility of the oxovanadium species, (V 4+ =O or V 5+ =O vanadyls), being the vanadyl ion the usual source of vanadium in the VAPO synthesis. 19, 20, 36, 37 A major source of complexity associated with studying VAPOs is the vanadium ion's ability not only to adopt different oxidation states, but also to occupy both framework and extraframework positions. Furthermore, V ions in solution can give rise to oligomerisation and yield polynuclear clusters. Finally, depending on the synthesis conditions, vanadium may adopt different coordination numbers. 38 The combination of these factors makes the characterisation of V in AlPO, and hence "mapping" its behaviour, a difficult task for both experimental and computational studies. 39 In this work, the structure of V ions in VAPO-5 is investigated by means of a combination of 27 Al ligand hyperfine interactions (hfi), which are measured by means of HYSCORE spectroscopy at X-and Q-band frequencies. These magnetic interactions provide direct access to specific binding site and geometry of paramagnetic vanadium species, observed prior and after calcination of the sample. For the analysis of the ligand hfi couplings, periodic DFT computations were employed in order to interpret the experimentally obtained data in terms of microscopic model structures for V incorporation in AlPO materials.
Materials and Methods

Materials.
VAPO-5 sample was prepared by hydrothermal synthesis out using triethylamine (minimum 99%) as structure-directing agents (SDA), aluminium isopropoxide (98+%), phosphoric acid (≥85 wt.%), vanadyl sulfate hydrate (97%) and deionized water. All reactants were purchased from Sigma-Aldrich and were employed as received. The synthesis was carried out as described in Ref.
35. After the synthesis, the product was calcined by heating gradually in a nitrogen flow and leaving the samples in an oxygen flow at 873 K for 12 hours. The sample formula Al 16.1 P 16.9 V 0.2 O 66.3 was calculated by EDX analysis, corresponding to a V loading of 0.58 wt%. 35 The calcined sample was dehydrated at 423K for one hour under high vacuum pumping. The reduction treatment was carried out in hydrogen atmosphere (100 mbar) at T = 673K for two hours.
Spectroscopic methods.
X-band CW EPR spectra were detected at 77K on a Bruker EMX spectrometer (microwave frequency 9.75 GHz) equipped with a cylindrical cavity. A microwave power of 10 mW, modulation amplitude of 0.15 mT and a modulation frequency of 100 KHz were used.
Pulse EPR experiments at X-band (9.76 GHz) and Q-band (34 GHz) were performed on an ELEXYS 580 Bruker spectrometer equipped with a liquid-helium cryostat from Oxford Inc. The magnetic field was measured by means of a Bruker ER035M NMR gauss meter.
Electron-spin-echo (ESE) detected EPR.
The experiments were carried out with the pulse sequence:
At X-band, the mw pulse lengths t π/2 = 16 ns and t π = 32 ns and a τ value of 200
ns were used. Q-band conditions were as follows: t π/2 = 16 ns and t π = 32 ns and a τ value of 400 ns. The time traces of the HYSCORE spectra were baseline corrected with a third-order polynomial, apodized with a Hamming window and zero filled. After two-dimensional Fourier transformation, the absolute value spectra were calculated. The spectra were added for the different τ values in order to eliminate blind-spot effects.
EPR and HYSCORE spectra were simulated using the Easyspin package. 49 The errors in the determination of the spin-Hamiltonian parameters were obtained by visual inspection of simulated and experimental spectra.
Computational methods.
The VAPO-5 materials have been simulated using periodic models that are more suitable than molecular fragments to represent the extended crystalline environment of the V ions. 50 The periodic DFT calculations were performed using the CRYSTAL software package. 51, 52 Two structures representative of monomeric V centers in the AlPO-5 framework, and compatible with the experimental findings, were investigated. We performed a full structure optimization at the B3LYP 53,54 level of theory.
The wave function of the systems is described as a linear combination of atomic orbitals expressed as a contraction of Gaussian-type functions. A triple-valence plus polarization basis set for V, a double-valence plus polarization basis set for P, Al and O, and a single-valence plus polarization basis set for H have been used. All basis set are available on the online library of the CRYSTAL code. 55 Internal coordinates and lattice vectors have been optimized for each structure with no symmetry constraint in P1 space group, in order to ensure a full relaxation of V and its environment inside the cell.
The periodic DFT study has been complemented with molecular calculations, performed using the ORCA code, 56, 57 in order to estimate the g-tensor of V that cannot be calculated with CRYSTAL. Two clusters including V and its first coordination sphere have been cut out from the optimized periodic structures obtained with CRYSTAL, as represented in Figure 4 . The resulting unsatisfied valences have been saturated with H atoms oriented along the broken bonds. The gtensor has been calculated keeping the atom coordinates fixed, i.e. maintaining V and its local environment as in the optimized periodic models, with a Ahlrichs TZVPP basis set. 58 Since the value of a iso is known to be very sensitive to the exchange functional employed, in particular for transition metal ions, 59 calculations have been repeated with the BHandHLYP 54, 60 functional and a iso values are reported for both B3LYP and BHandHLYP functionals.
The EPR hyperfine tensor elements of V, P and Al are in excellent agreement between B3LYP and BHandHLYP, and between CRYSTAL and ORCA calculations, hence only B3LYP periodic results will be discussed here. A more complete computational analysis of VAPO-5 detailing the energetics of the different structures, based on periodic DFT calculations will be the object of a forthcoming paper.
Results and discussion.
VAPO-5 samples were characterized by powder X-ray diffraction (PXRD), which confirmed the crystallinity and phase purity prior and after calcination at 823 K. The XRD pattern of the 
EPR Experiments.
The X-and Q-band EPR spectra of the as-synthesized VAPO-5 are shown in Figure Hamiltonian parameters of the two species deduced from computer simulation of the X-and Q-band spectra are reported in Table 1 and agree with previous literature data. 19,20, 45 ,62 In Table 1 In the following we will thus consider the species observed for the as synthesized and mildly reduced calcined samples as representative of the VO 2+ species incorporated in AlPO-5 materials.
The spin density distribution over neighboring magnetically active nuclei (hyperfine interaction) is one of the most potent indicators of the local environment experienced by a paramagnetic species. Hyperfine interactions with framework 27 Al (I=5/2) and 31 P (I=1/2) yield detailed information on the localization and structural geometry of the incorporated VO 2+ groups.
The investigation was performed at X-and Q-band frequencies using HYSCORE and the findings of such experiments are presented in the following section. 
HYSCORE experiments
HYSCORE is a two-dimensional experiment where correlation of nuclear frequencies in one electron spin (m S ) manifold to nuclear frequencies in the other manifold is created by means of a strong mixing π pulse. In this way a sub-MHz resolution, comparable to that of NMR spectroscopy, hyperfine values used to fit both frequencies are reported in Table 2 . The contribution of remote phosphorous nuclei (P m ) is added to the simulation.
The X-band HYSCORE spectrum is characterized by a pronounced ridge, centered at about 15 MHz (the 1 H Larmor frequency at this magnetic field) with a maximum width of about 13 MHz and by peaks from weakly coupled 27 Al and 31 P matrix nuclei located on the diagonal of the (+,+) quadrant at the corresponding nuclear Larmor frequencies (Figure 2 (a) ). In addition to the diagonal peaks, three pairs of cross features can be distinguished, designated as P (1) , P (2) , and P (3) in Figure   2a . Cross-peaks P (1) contour plot superimposed to the experimental spectrum in Figure 2 . The simulation was carried out considering a four spin system (S=1/2 and three I=1/2 31 P nuclei) and the same set of spinHamiltonian parameters was used to fit both frequencies. The contribution of remote phosphorous nuclei (indicated with P m in Figure 2 ) was added for sake of completeness. It should be noted that not only the frequencies but also the relative intensities of the 31 P cross peaks are well reproduced at the two frequencies, which allow placing good confidence in the obtained parameters. The spin
Hamiltonian parameters used in the simulation are listed in Table 2 , where a positive sign was assumed based on the positive 31 P nuclear g factor. This choice is in agreement with the DFT computed values (see section 3.3). All three observed 31 P couplings are dominated by the Fermi contact interaction and correlate with values observed in the case of the TiAPO-5 system, previously reported by some of us 24 and for vanadyl phosphate molecular complexes. [65] [66] [67] [68] The origin of this fairly large isotropic interaction can be rationalized considering a spin density transfer through the directly coordinated oxygen ions via a through-bond mechanism. The isotropic constant is determined mainly by the unpaired spin density in the 3s orbital of the phosphorous atoms and is proportional to the value of a 0 = 10201.44 MHz, which is computed for unit spin density in this orbital. 69 Including a correction for departure of the g value (g iso [VO 2+ ] = 1.960) from the free electron value (g e = 2.0023) the spin population in the P 3s orbital can be estimated from the following equation: to be of the order of 0.18% , 0.07% and 0.02% for the three detected 31 P nuclei. Comparison can be set to the case of framework substituted Ti 3+ ions in AlPO-5 materials, where similar spin density transfer over 31 P nuclei has been observed. 24 As discussed by different Authors 24 , 47 , 68 in the case of similar systems, the amount of spin density transfer is expected to depend markedly on bond angle and distance of the fragment V-O-P, making the Fermi contact term a sensitive structural probe. We shall validate this mechanism by means of DFT calculations (vide infra).
In addition to the 31 P signals previously discussed, both X-and Q-band spectra show a signal (Figure 3a) . Considering the value of a 0 = 3367.76 MHz for unit spin density on the 27 Al 3s orbital, 69 the corresponding spin density in the Al 3s orbital is ≈ 0.14% and 0.06% respectively, in line with the spin transfer to the 31 P 3s orbitals. The magnitude of the 31 P and 27 Al hfi coupling parameters and the comparable spin densities at the two atoms suggest that a fraction of the VO 2+ species coordinate to framework oxygen atoms with both phosphorous and aluminum framework atoms in the second coordination shell. We remark that the intensity ratio between the 27 Al cross and matrix peaks are found to vary from sample to sample suggesting that the presence of V-O-Al linkages is related to the chemical history of the sample. In particular no evidence for the 27 Al cross peaks was observed in a bimetallic TiVAPO sample previously studied by some of us. 
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An important feature of the X-band HYSCORE spectra (Figure 2(a) ) is in fact the presence of a pronounced ridge in the (+,+) quadrant, centered at the 1 H Larmor frequency with a maximum width of about 13 MHz. The proton ridge is shown in Figure 3 (b) along with the corresponding computer simulation (red line). The simulation of the spectrum shows that the broad proton ridge can be reproduced assuming the interaction of the unpaired electron with a single type of hydrogen nuclei. In the simulation the contribution of remote protons was added to reproduce the whole elongated ridge. The hyperfine coupling constants deduced from the simulation are reported in Table 2 . Considerations based on quantum chemical calculations (vide infra) lxxi The spin-Hamiltonian parameters employed for the simulations are listed in Table 2 . The contribution of remote Al and H nuclei is added in both cases in the simulations.
The presence of the strongly bound proton can be rationalized by a structural model of VO
2+
replacing framework Al 3+ ions; the charge imbalance induced by this isomorphous substitution requires a compensating positive charge to maintain the electro-neutrality of the system.
In summary, the detection of a strongly bound proton (not ascribable to merely coordinated water molecules) and the observation of the (relatively) large 31 The computed g and hfi tensors obtained for the two models are reported in Table 3 . The calculated g factors reproduce with sufficient accuracy both the absolute values of the g factors and the small variations observed between the two species observed experimentally. The 51 V computed hyperfine parameters too are in line with the experimental findings, even though the Fermi contact term (a iso ) is systematically underestimated, in particular at the B3LYP level of calculation. This is a known effect related to difficult evaluation of the spin polarization at the nuclear position, where it is a small fraction of the total core electron density, in particular for heavy nuclei. Even small variations of basis set and DFT functional employed in the calculations cause large variations of the calculated a iso , as shown in Table 3 Table 3 . DFT computed g and 51 V hfi tensor elements (in MHz) relative to the model structures illustrated in Figure 4 . The numbering of the atoms is given in Figure 4 . The computed 27 Al a iso couplings for the VO EF structure, illustrated in Figure 4b , reflect the trend observed for the 31 P couplings, on a smaller scale, consistent with the smaller a 0 value computed for unit occupancy of the 27 Al 3s orbital with respect to the 31 P 3s orbital. 69 The computed values range The data can be interpreted in term of two distinct species amenable to two VO 2+ entities with local environment constituted by 31 P, 27 Al and 1 H nuclei. Two possible models have then been considered in order to account for the experimental results, consisting of VO 2+ species isomorphously substituted at Al 3+ sites and extra-framework VO 2+ ions grafted on the surface of the solid. DFT computed EPR data for the two models reproduce well the experimental observables indicating that the experimental results can be explained considering that a fraction of V in the form of VO groups, isomorphously replaces Al 3+ framework sites, while another fraction, is present as extraframework VO species. It is important to note that the presence of extra-framework sites is the direct consequence of the complex chemistry of vanadium with respect to other transition metal ions such as titanium, for which direct evidence for isomorphous substitution at Al 3+ and P 5+ sites has been obtained by means of advanced EPR experiments 24 and recently corroborated by X-ray absorption and emission studies. lxxvi In this work we concentrated exclusively on the EPR properties of V 4+ species and we cannot exclude the presence of (EPR silent) V 5+ , isomorphously substituting for framework P 5+ . If present, these centers are not easily reducible, which seems to be a distinctive feature of transition metal ions incorporated at P 5+ sites of AlPO materials.
Supporting Information Available
XRD patterns of VAPO-5 sample after calcination and repeated oxidation/reduction cycles, CW-EPR and HYSCORE experiment on reduced VAPO samples, HYSCORE simulations at different magnetic field settings, atomic coordinates of the two optimized V clusters. This information is available free of charge via the Internet at http://pubs.acs.org
